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Abstract 
With the objective of high efficiency solar cells rear side passivation with local aluminium back surface field and 
dielectric reflection (Al-LBSFR) were developed at Centrotherm and cell efficiencies of 19.4 % were achieved. In 
this paper major physical properties of the developed technology, named centaurus technology, are presented. 
A low reflection on the solar cell front side is achieved by a textured surface, which enables in particular an inclined 
light entry at the solar cell front side, which is mandatory for a total light reflection on the solar cell dielectric rear 
side. Likewise a smooth instead of a textured rear side surface was more suitable for a high rear reflection and also 
more appropriate for better rear surface passivation. In addition, the influence of the rear side local BSF and 
metallization fraction was identified as a possible Voc limitation in combination with the front emitter saturation 
currents. Lower temperature coefficients of the cell power output or cell efficiency and of the open circuit voltage 
were evaluated for Al-LBSFR cells.  
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1. Introduction 
 
Screen printed aluminium back surface field (BSF) and front side phosphorous doped emitter are the 
most common silicon solar cell fabrication technologies on p-type silicon wafer, allowing already 
considerably high solar cell efficiencies. For a further gain in solar cell efficiency approaches for rear side 
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passivation and reflection as laser fired contact (LFC) [1], [2] or industrial PERC (i-PERC) [3] are in 
development worldwide.  
In the case of LFC a total internal light reflection on the solar cell rear side is achieved by a thick 
thermal oxide and is enhanced by an evaporated aluminium layer. By local firing the evaporated layer 
through the oxide using a laser spot local contacts and local back surface fields within the silicon wafer 
are formed.  
In case of the industrial PERC technology an emitter is formed on both wafer sides and subsequently 
etched off from the wafer rear side. Subsequently a thick dielectric layer has to be applied for rear 
passivation and rear reflection, which is not penetrated by the screen printed aluminium paste of the rear 
contact to form a high quality local back surface field in the opened holes of the dielectric layer.  
With the goal of a gain in production solar cell efficiencies and of an industrial fabrication process a 
new rear side Al-LBSFR process sequence, the centaurus technology, was developed. By application on 
156 mm x 156 mm Cz silicon wafer solar cell efficiencies of 19.4 % were reached and in an earlier stage 
19.1% was independently confirmed by Fraunhofer ISE CalLab on solar cells with rear side soldering 
pads. [4]. In the meantime fundamental physical impacts were investigated and are presented in this 
paper, for example the optical confinement due to different surface preparations, the impact of the 
dielectric passivation and reflection in combination with a local BSF, the passivation of textured versus 
smooth surfaces on the solar cell rear side and the saturation currents of the passivated rear side and 
emitter front side as a limitation of the open circuit voltage.   
 
2. Technology 
 
Beyond the technological requirements for high solar cell efficiency especially an easy integration in 
existing and future production technologies was a main pre-condition for the new developed rear side 
process. Exclusive front side texture in combination with a rear side smoothing, a rear side dielectric 
coating and a rear local patterning for the local aluminium BSF were added to the basic aluminium BSF 
cell fabrication processes. Additionally a selective emitter formation was implemented. The development 
and implementation of the new process steps were accomplished in such an integral manner that the cost 
of ownership has reached the level of conventional cell production.  
 
3. Physical Properties 
 
3.1 Solar cell results 
 
The development of the new cell fabrication technology was carried out on 156 mm x 156 mm 
monocrystalline Cz silicon wafer as well as on 156 mm x 156 mm multicrystalline silicon wafer. The 
application of the developed rear passivation and local back surface field was combined first with 
conventional homogeneous emitters, but also advanced high blue response selective emitters were 
additional evaluated and implemented for an improvement both of the short circuit current and the open 
circuit voltage. By application of the new rear side technology cell efficiencies of 19.0 % were reached in 
combination with homogeneous emitters and 19.4 % in combination with laser diffused selective emitters 
on 156 mm x 156 mm monocrystalline Cz silicon wafer as shown in fig. 1.   
Both, the short circuit current and the open circuit voltage were increased and reached 38.3 mA/cm² 
and 646 mV for selective emitter cells and 37.9 mA/cm² and 635 mV for homogeneous emitters, 
respectively. Control cells with conventional aluminium BSF rear side achieved typically about 18.3 % 
efficiency, about 36.7 mA/cm³ short circuit current density and up to 626 mV open circuit voltage as also 
shown in Fig 1.  
In a series of fabrication runs the development of the average efficiency of the monocrystalline 
centaurus Al-LBSFR solar cells was increased by several technological improvements as shown in Fig 2.  
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Fig. 1: Typical solar cell IV- characteristics and 
performance parameters of Al-LBSFR cells and Al-
BSF control cells  
 
Fig. 2: Development of average efficiency of 
monocrystalline centaurus Al-LBSFR solar cells 
 
Starting from the initial cell efficiency of the basic Al-LBSFR process in combination with a 
homogeneous emitter a first improvement step was achieved with the implementation of an improved Al-
LBSFR- process and of an advanced emitter. Next, the Al-LBSFR- process was developed to an advanced 
Al-LBSFR- process and integrated. In a recent additional step the average cell efficiency could be further 
improved by an enhanced Al-LBSFR process.  
The fluctuation of the average efficiency values for the different run numbers reflects that each run 
number was an experiment with some variations to improve the solar cell efficiency and not a replication 
of the technology to test the process stability. Further attempts for a continuous improvement are running.   
 
3.2 Optical  confinement 
 
Optical ray tracing for different surface preparations was applied for the physical understanding of the 
improved solar cell optics. With regard to an easy fabrication technology both wafer surfaces are 
commonly textured, which results in a reduction of the light reflection from the front surface, whereas at 
the wafer rear side the texture is eroded by the Al- alloy of the Al- BSF back side. In consequence the 
light reaching the rear side is absorbed in the alloyed Al- layer as shown in Fig 3 a. For a more efficient 
light trapping metallic rear side mirrors would enable a rear side light reflection but would also recombine 
the generated carriers at the metallic surface. Therefore dielectric layers are used to obtain a total 
reflection of the light and simultaneously a passivation of the rear surface as shown in Fig 3 b 
 
 
 
 
 
 
 
 
(a) Al-BSF       (b) dielectric layer (a) monocrystalline  (b) multicrystalline 
  
Fig. 3: Schematic drawing of  reflection on a (a) 
dielectric passivated rear side or (b) entire Al-BSF 
Fig. 4 : Entry and internal path of light for (a) pyramidal 
textured or (b) isotextured multicrystalline silicon  
 
A textured front surface is mandatory for the reduced front side reflection and also for an inclined 
light path into the silicon as indicated in Fig 4. For an optimum optical light confinement an appropriate 
rear side surface is required as well. The optical light tracing for different surface preparations of textured 
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front side in combination with a textured or smooth rear side was simulated and resulted in the light path, 
the total reflection and possible rear side light escape as shown in Fig 4.  
For monocrystalline wafer with pyramidal front side texture all light enters the silicon at such an angle 
sufficient for total reflection at a smooth rear side so that all light is reflected to 100 %. On a textured rear 
side most of the light would escape the rear side of the bulk because of unaccomplished conditions for 
total reflection.  
For multicrystalline wafer the light confinement depends on the front surface structure. The texture 
geometry for simulation was simplified to that of a shallow ellipse. In the middle of such an ellipse, 
impinging photons enter the silicon substrate at a near perpendicular angle causing very little refraction. 
These photons then reach the rear surface within the critical angle causing partial transmission of the light 
through the back surface dielectric.  
Escape was also analyzed for both textures. In monocrystalline wafer with pyramidal front side 
texture, the ray’s second bounce that reaches the front surface after bouncing off the rear surface reflector 
strikes the front surface within the Si/SiN layer’s critical angle causing much of the light to transmit 
through rather than being reflected back into the cell. This causes a relative high amount of escape. In the 
ellipse textured device, only a fraction of the photons entering the device are reflected internally back to 
the surface due to transmission losses, which is one reason that such a structure experiences less escape 
through the front surface in comparison with the pyramid texture. 
We also analyzed the front surface reflection as it plays a larger role on a solar cell’s overall light 
trapping and found that the ellipse texture reflects more light overall. This is mainly due to the fact that 
rays hitting the surface of the near flat valley in the ellipse are reflected directly out into space whereas 
the pyramid texture causes the initially reflected rays to strike the surface again enhancing the overall 
light trapping. Moreover, the overall light trapping enhancement that can be gained by a reflective rear 
side depends heavily on the front side geometry as it governs the direction in which light enters the 
device. 
 
3.3 Influence of rear surface  
 
For pyramidal textured monocrystalline wafer all light enters the silicon at such an angle sufficient for 
total reflection at a smooth rear side. A theoretical estimation of the short circuit current increase due to 
an improved internal rear side reflection of over 90 % compared to about 65 % of screen printed and 
alloyed aluminium resulted in about 1 mA/cm² short circuit current density gain due to the internal back 
reflected light at a smooth rear surface. In comparison, the solar cells with textured rear surfaces showed 
no benefits of a dielectric passivation and caused solar cell performance and in particular the spectral 
responses as solar cells without any BSF or BSR. 
The difference of dielectric passivation and reflection to a purely back surface field is illustrated in 
Fig 5 in the resulting quantum efficiencies and reflection curves of monocrystalline Cz solar cells. In 
comparison the quantum efficiency of typical multicrystalline (mc) Al-LBSFR- solar cells is also shown.  
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Fig. 5:  Spectral response, IQE and reflection curves for 
different technologies 
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The red response of the internal quantum efficiency of Al-LBSFR solar cells is increased by the 
internal light reflection, which results in a bump on top of the quantum efficiency of conventional Al-BSF 
solar cells in the wavelength range over 1000 nm. The impact of the reflection can easily be distinguished 
when comparing the IQE of “Cz, Al-LBSFR” and “Cz, Al-BSF”. The effect of the minority carrier 
lifetime can be identified when comparing the IQE of “Cz, Al-LBSFR” and “mc, Al-LBSFR”. The IQE 
of “mc, Al-LBSFR” reveals a low minority carrier lifetime around 900 nm – 1000 nm wavelength, but 
regardless exhibits the effect of the internal light reflection at the solar cell rear side at wavelengths above 
1000 nm.  
 
3.4 Rear local BSF and metallization 
 
An entire rear passivation and reflection promises the highest open circuit voltages and short circuit 
currents. But for high solar cell efficiency a balance of highest values for the open circuit voltage and 
short circuit current versus the best values for the fill factor had to be found. Whereas theoretical 
calculations proposed point contacts with a minimum metallization fraction, best experimental solar cell 
results for the applied technology were achieved with line contacts of a moderate metal fraction of 3 % to 
5 %. This large metallization fraction is tolerable because of the low recombination of the particular local 
Al-LBSF contacts. But dependent on the basic wafer resistivity the fill factors can be affected by an 
increase in the series resistance caused by the lateral conductivity due to the higher wafer resistivity. By 
variation of the rear side contact pattern an optimum pattern structure could be found for the used wafer 
resistivity and process conditions. 
 
3.5 Influence of solar cell saturation currents 
 
Based on the consideration, that the open circuit voltage is mainly determined by the saturation 
currents of the particular areas in the solar cells, - the emitter region, the wafer base and the rear side -, 
the open circuit voltage was calculated in dependence of these saturation currents. Under the assumption 
that the base region contributes only to a minor amount to the saturation currents the dependence of the 
open circuit voltage on the emitter and the rear surface saturation currents is displayed in Fig 6.  
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Calculation model: 
 
Voc=k*T/q* ln (Iph/Io +1) 
 
Io = (Io,em + Io,base + Io,rear) 
 
 
 
Fig. 6:  Influence of rear side and emitter saturation 
currents on the open circuit voltage 
 
About 626 mV open circuit voltage of Al-BSF cells on the basis of an emitter saturation current of 
about 8*10-13 A/cm² can be increased to about 634 mV, when decreasing the rear side saturation current 
from 4*10-13 A/cm² to about 0.5*10-13 A/cm². A decrease of the emitter saturation current from about 
8*10-13 A/cm² to about 5*10-13 A/cm² results also in an open circuit voltage of about 634 mV. However, 
by reducing the emitter recombination current from 8*10-13 A/cm² to about 5*10-13 A/cm² and the rear 
saturation current from 4*10-13 A/cm² to about 0.5*10-13 A/cm² open circuit voltages of 647 mV can be 
reached. Thus the largest voltage improvement can be achieved by a combined decrease of both 
parameters, otherwise either the emitter or the rear technology can limit the open circuit voltage.  
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The effect and limitation of the open circuit voltage depending on saturation currents was proven in 
experiments for a comparison of solar cells with a) a pure rear side Al-BSF plus homogeneous front side  
emitter versus b) rear Al-BSF plus selective front side emitter versus c) rear Al-LBSFR plus homoge-
neous front side emitter or versus d) rear Al-LBSFR plus selective front side emitter. These 4 
configurations are marked in Fig 6 by black dots. Starting with Al-BSF and homogeneous emitter the 
open circuit voltage of slightly above 625 mV was increased by about 5-10 mV by the application of a 
front side selective emitter because of a lower emitter saturation current. A similar improvement of the 
open circuit voltage of about 5- 10 mV was seen for the application of an Al-LBSFR because of a better 
overall passivation of the solar cell rear side. By combining both technologies, a selective front side 
emitter plus a rear side Al-LBSFR, a gain in the open circuit voltage in excess of the average sum of both 
individual open circuit improvements was found, resulting in open circuit voltages up to 648 mV.   
 
3.6 Temperature coefficients and module performance 
 
Because of the reflection and missing absorption of the light at the rear surface lower module 
temperatures are expected. Moreover, lower temperature coefficients were measured as shown in table 1. 
In combination with lower operating module temperatures an increase in the power output under 
operating conditions are expected. Corresponding investigations are in evaluation.  
 
Table 1: Temperature coefficients of Al-LBSF cells versus Al-BSF cells 
________________________________________________________________________________________________________ 
  
Cell parameters  Al-BSF cells  Centaurus Al-LBSFR + sel. em. cells 
    [1/°C]         [1/°C] 
________________________________________________________________________________________________________ 
 
Tk (Voc)  3.25 * 10-3       3.0 * 10-3 
 
Tk (Pm, Eff.)  4.25 * 10-3       4.0 * 10-3 
________________________________________________________________________________________________________ 
 
First test modules were assembled using the newly developed centaurus Al-LBSFR solar cells. Because 
of the identical rear side contacting system of the new cells the commonly used module fabrication 
technology, in particular the conventional tabbing process, could be applied for the new centaurus Al-
LBSFR solar cells.  
 
4. Summary 
 
With the objective of a fabrication process for high efficiency solar cells processes for the fabrication 
of dielectric rear passivation and local aluminium back surface field, the Al-LBSFR centaurus 
technology, was developed and solar cell efficiencies of 19.4 % were achieved on 156 mm x 156 mm 
monocrystalline Cz silicon wafer, with a cost of ownership on the level of conventional cell production.   
Best results were achieved with integration of an advanced selective, low doped blue response emitter. 
But the technology was also successfully verified in combination with a homogeneous emitter. For the 
metallization conventional screen printing of silver on the cell front side and aluminium with silver 
soldering pads on the cell rear side was applied. In a series of experiments the application of the local 
aluminium back surface field and back reflection was proven to be a very promising technology for 
monocrystalline solar cell efficiencies in production above 19 %.  
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